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To optimize the conversion efficiency of plastic dye-sensitized solar cells fabricated by the
electrophoretic deposition technique, anatase TiO2 nanoparticles of various sizes from 10 nm to
27 nm have been synthesized via a simple hydrothermal process. The obtained TiO2 nanoparticles
have been characterized by X-ray diffraction and high resolution transmission electron microscopy,
which confirmed that the synthesized nanoparticles are in the pure anatase phase. Rigid devices based
on D149-sensitized TiO2 particles with a size of 19 nm showed the highest conversion efficiency of
7.0% among the four different devices, which was measured under illumination of AM 1.5G,
100 mWcm22. The effect of the particle size on the photovoltaic performance of DSSCs has been
systemically studied using photoelectrochemical characterizations, including intensity modulated
photocurrent spectroscopy and intensity modulated photovoltage spectroscopy. The good
photovoltaic performance for 19 nm TiO2 is ascribed to the good dye loading, an efficient electron
transport and the high charge collection efficiency in the photoanode. Moreover, plastic DSSCs based
on 19 nm TiO2 presented a conversion efficiency of 6.0% (AM 1.5G, 100 mWcm
22) under optimized
conditions, showing about a 20% enhancement in the conversion efficiency as compared to that based
on commercial Degussa P25 TiO2 (5.2%). These results demonstrate that optimization of the TiO2
nanoparticle size for devices fabricated using the EPD technique is an alternative method to achieve
highly efficient plastic dye-sensitized solar cells.
Introduction
Dye-sensitized solar cells (DSSCs) are one of the promising new
generation of thin film solar cells. It has the advantages of low
cost, simple fabrication and relatively high energy conversion
efficiencies.1 Thus far, a reasonably high efficiency of more than
12% has been realized.2 Conventional DSSCs have been
fabricated on rigid conductive glass substrates, which usually
involve a sintering process at 450 to 550 uC. The sintering process
improves particle adhesion and electrical connectivity, which are
essential for an optimal DSSC performance. However, the high
temperature sintering process prevents the use of lightweight and
flexible polymer substrates, e.g. indium tin oxide (ITO)-coated
polyethylene terephthalate (PET) or ITO-coated polyethylene
naphthalate (PEN), which can only withstand a temperature of
up to 150 uC. The interest in flexible plastic DSSCs lie in their
advantages of having lightweight and unique application
areas where flexibility is required. Moreover, flexible DSSCs
can be fabricated in a large scale during classic roll-to-roll
manufacturing.
The low temperature requirement for polymer substrates has
been satisfied by numerous methods, namely chemical deposi-
tion,3,4 binder-free coating,5–7 hydrothermal synthesis,8,9 com-
pression 10,11 and transfer.12
Electrophoretic deposition (EPD) is a widely used method to
produce thin films for applications in DSSCs 13–18 and other
areas.19–21 In a typical EPD process, the particles to be deposited
are suspended in a solvent to form a stable colloid. Two
electrodes are inserted into the colloidal suspension and a
potential difference is applied across the electrodes. Charged
particles in the suspension are attracted to the electrodes via
electrostatic attraction, thereby forming uniform thin films. The
EPD process has several advantages over other methods in the
low temperature fabrication of DSSCs. Such advantages include,
but are not limited to, the uniformity of the films formed and the
ease of scale-up for mass manufacturing. In addition, EPD can
be done without any organic binders and additives and hence
there is no need for a sintering process. Of particular importance
is that the process only takes a few minutes22 and the film
thickness can be controlled easily by tuning the operating
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voltage, current, concentration of the particles in the colloidal
suspension and the deposition time. Though EPD is a common
technique used in low temperature DSSC fabrication, the
influence of the nanoparticle size on the device performance
has, to our knowledge, not been well studied. We note that
similar nanoparticle size-efficiency studies have been done for
conventional high temperature DSSCs.23–26 However, the high
temperature sintering process introduces physical changes, such
as in the pore size distribution, the porosity and the grain size of
the particles in relation to the films, which may render the studies
irrelevant to low temperature DSSCs. As EPD can potentially be
used for the large scale production of DSSCs in future
commercialization, it is important to optimize the efficiency of
DSSCs fabricated using EPD by studying the effect of the
nanoparticle size on the device performance. In this report, the
D149 dye was selected as the sensitizer because it has a large light
absorption coefficient, high power conversion efficiency in
traditional DSSCs 27,28 and can be easily synthesized in a large
quantity without resource limitations (unlike Ru-based dyes).
The chemical structure and UV absorption of the D149 dye on
TiO2 is shown in Fig. 1. In the present work, TiO2 nanoparticles
of various sizes were synthesized and used in the low temperature
fabrication of DSSC via EPD. The effect of the nanoparticle size
on the device performance was systematically studied. It was
found that an average size of 19 nm has the best device
performance of 7.0% on a rigid glass substrate and 6.0% on a
flexible polymer substrate. This is superior to P25-based devices,
which produce efficiencies of 5.5% and 5.2%, respectively, under
the same conditions. This study will assist the optimization of
DSSC efficiency for devices made from non-sintered TiO2 films.
Experimental
Materials
All chemicals were used as received with no further purification.
Acetic acid and concentrated nitric acid were purchased from
Merck. Titanium tetraisopropoxide, tetraethyl ammonium
hydroxide, chenodeoxycholic acid, hexachloroplatinic acid,
tert-butylalcohol, tetrabutylammonium iodide, lithium perchlo-
rate, 4-tert-butylpyridine and iodine were purchased from
Sigma–Aldrich. All solvents used were of AR grade and were
obtained from either Sigma–Aldrich or Tedia. FTO glass
substrates were from Hartford Glass. Plastic PEN–ITO sub-
strates were purchased from Peccell Technologies. P25 TiO2
nanoparticles were kindly gifted by Degussa. The D149 dye was
from Mitsubishi Paper Mills. The 25 mm thick spacer was
obtained from Solaronix.
Synthesis of TiO2 nanoparticles
The synthesis of the various TiO2 nanoparticles was performed
using modified literature procedures.29,30 The general procedure
is described as follows and the exact amount of each reagent used
is shown in Table 1.
3.6 g (0.06 mol) of CH3COOH was added to 17.6 g of titanium
tetraisopropoxide and the mixture was stirred at room tempera-
ture for 15 min. The mixture was then poured into 90 mL of
deionized water while stirring rapidly to prevent aggregation.
The resulting milky white suspension was stirred for 1 h at room
temperature. Varying amounts of concentrated HNO3 or
tetraethyl ammonium hydroxide (TEAH) were added to prepare
TiO2 nanoparticles of different sizes. After that, the suspension
was heated to 80 uC and allowed to react for another 75 min.
Upon cooling to room temperature, the total volume was made
up to 110 mL by adding deionized water. The suspension was
transferred to a stainless steel autoclave and heated at varying
temperatures and times to yield nanoparticles of different sizes.
Upon cooling, varying amounts of concentrated HNO3 were
added as a post-treatment step. The mixture was sonicated for
30 min before centrifugation. Deionized water was added to the
sediment and the sonication/centrifuge process was repeated as a
washing step. The washing process was repeated until the pH of
the resulting supernatant reached 7.0. The washing process was
then repeated with ethanol 3 times before drying the nanopar-
ticles at 70 uC. The TiO2 flakes were subsequently made into
powders by grinding with a mortar and pestle.
Particle characterization
The morphology of TiO2 nanoparticles was studied using a
transmission electron microscope (JEOL JEM-2100F). 2–3 mg of
TiO2 powder was suspended in 10 mL of ethanol and sonicated
for 10 min. A drop of this suspension was casted onto a standard
TEM copper grid. The morphology of the TiO2 films was viewed
using field emission scanning electron microscopy (FESEM,
JEOL) after sputtering with platinum. The crystal structure and
crystallite size was determined by X-ray diffraction (Shiamadzu
XRD-6000). The working voltage and current were 40 kV and
20 mA, respectively. The powdered sample was placed on an
aluminum substrate. The scan rate was set at 2 degrees per
minute and the scanning range was set at 10 to 80 degrees. Zeta
potential studies on the different suspensions were performed in
a DTS1060 capillary cell (Malvern) using a Zetasizer,
(Nanoseries, Malvern Instruments, Malvern, U.K.). 1–2 mg of
TiO2 nanoparticles were suspended in 10 mL of a mixture of
ethanol, isopropanol and butanol (v/v/v = 1 : 2 : 4) and
sonicated for 30 min. The suspension was acidified with HNO3
Fig. 1 The chemical structure and UV absorption spectrum of D149
when it is adsorbed on a thin film of TiO2 from a solution of acetonitrile/
tert-butylalcohol (v/v = 1 : 1).
This journal is  The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 7074–7080 | 7075
Pu
bl
ish
ed
 o
n 
28
 M
ay
 2
01
2.
 D
ow
nl
oa
de
d 
on
 0
2/
06
/2
01
7 
11
:1
1:
42
. 
View Article Online
until a pH of about 3.0–4.0 was reached before injected into the
sample cell using a syringe.
Preparation of photoanodes by EPD
The TiO2 suspension for EPD was prepared by mixing 0.5 g of
TiO2 powder with 15 mL of a mixture of ethanol, isopropanol
and butanol (v/v/v = 1 : 2 : 4), which was followed by
ultrasonication for 30 min. Before the EPD process, the colloidal
suspension was acidified to a pH of about 3.0–4.0 with HNO3. A
pair of FTO glass substrates (2 cm 6 2.5 cm, 15 V sq21) or
plastic PEN–ITO substrates (2 cm 6 2.5 cm, 15 V sq21) were
vertically immersed in the suspension. The distance between each
pair of substrates was kept at 7 mm and the DC power supply
was set at 30 V for a constant voltage during the EPD process.
The thickness of the resulting film was controlled by the
deposition time. The freshly coated films were left to dry in air
before being heated at 100 uC for 30 min to enable low
temperature annealing and to ensure all the solvent from the
EPD process was removed.
DSSC assembly
The prepared photoanodes were subsequently subjected to a
pressure of 1 ton cm22 (Atlas Manual 15T Hydraulic Press) for
2 min to improve the interparticle adhesion and electrical
connectivity.11 As a result of the pressing process, the thickness
of the films was reduced. The photoanodes were heated at 70 uC
for 30 min before immersion in a 0.5 mM D149 dye solution in
acetonitrile/tert-butylalcohol (v/v = 1 : 1) with 0.5 mM cheno-
deoxycholic acid as a co-adsorbant for 2 h. The photoanodes
were subsequently rinsed with acetonitrile and left to dry in the
dark.
The rigid Pt counter electrode was prepared by spin-coating a
30 mM H2PtCl6 solution in isopropanol on a FTO glass
substrate, followed by thermal decomposition at 400 uC for
15 min. The flexible Pt counter electrode was fabricated by
sputtering Pt (20 mA for 120 s) on the PEN–ITO substrate using
a JEOL JFC-1600 Auto Fine Coater. DSSCs were fabricated by
sandwiching a TiO2 photoanode and a Pt counter electrode with
the electrolyte in a 25 mm thick spacer. The electrolyte used had a
composition of 0.5 M tetrabutylammonium iodide, 0.001 M
LiClO4, 0.5 M 4-tert-butylpyridine and 0.1 M I2 in 3-methyox-
ypropionitrile. The active area of the cell was 0.16 cm2, which
was controlled by a metal mask.
Determination of the dye loading
A TiO2 film was prepared on a glass substrate by EPD as
described above. An area of 30 mm2 (5 mm 6 6 mm) was
immersed in a D149 dye solution of 0.5 mM in acetonitrile/
tert-butylalcohol (v/v = 1 : 1) with 1 mM chenodeoxycholic acid
as a co-adsorbant for 2 h. The sensitized photoanode was soaked
in a solution of ammonia in DMSO (0.1 M) for 30 min for dye
desorption. After complete desorption, the UV–vis absorption
spectrum (Shimadzu) of the resultant solution was measured at
526 nm, the absorption maximum of the dye. The dye loading
was calculated from the molar extinction coefficient of D149
(6.8 6 104 M21cm21 at 526 nm) using Beer–Lambert’s law. The
dye loading data reported were an average of 3 samples.
Photovoltaic measurements
The photovoltaic parameters of the DSSCs were studied by an
AutoLAB PGSTAT 320 N potentiostat with simulator light
(AM 1.5G, 100 mWcm22). The intensity modulated photo-
current spectroscopy (IMPS) and intensity modulated photo-
voltage spectroscopy (IMVS) measurements were carried out
using an AutoLAB PGSTAT 320 N potentiostat with a green
light emitting diode (l = 530 nm).
Results and discussion
Four different batches of TiO2 nanoparticles were synthesized by
varying the reaction temperature, reaction time and peptization
agent. The transmission electron microscopy (TEM) images of
the synthesized nanoparticles are shown in Fig. 2. The
nanoparticles have a slightly elongated shape. The average
particle size under TEM is determined by measuring and
averaging both the long and short end-to-end distances of
dozens of particles. The sizes of the nanoparticles estimated from
the TEM images were 11 ¡ 2, 15 ¡ 2, 20 ¡ 3 and 29 ¡ 4 nm,
which indicate that longer peptization times and higher
Table 1 Synthesis conditions for various sized TiO2 nanoparticles using a hydrothermal method
Samples Crystallite size a Particle size b Peptizing agent Peptization temperature Peptization time Post treatment
A 10 nm 11 ¡ 2 nm 1.2 mL Conc. HNO3 200 uC 12 h 1.2 mL
B 14 nm 15 ¡ 2 nm 1.2 mL Conc. HNO3 250 uC 15 h 1.2 mL
C 19 nm 20 ¡ 3 nm 3.6 mL Conc. HNO3 250 uC 12 h 3.6 mL
D 27 nm 29 ¡ 4 nm 22 mL 20 wt% TEAH solution 200 uC 5 h 5.0 mL
a According to the Scherrer equation b According to TEM
Fig. 2 TEM images of the synthesized TiO2 nanoparticles. (A) y10 nm,
(B) y14 nm, (C) y19 nm and (D) y27 nm. The scale bars represents 50 nm.
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peptization temperatures lead to larger nanoparticles. X-Ray
diffraction (XRD) was performed to determine the crystal phase
of the synthesized TiO2 nanoparticles. Fig. 3 shows that all the
synthesized nanoparticles are in the pure anatase crystal phase.
From the XRD results, the crystallite sizes of the synthesized
nanoparticles are 10, 14, 19 and 27 nm, which were determined
based on the (101) peaks (2h = 25.3u) using the Scherrer
equation:
t~
0:9l
b cos h
(1)
where t is the crystallite size (in A˚), l is the wavelength of
radiation used (1.54056 A˚ for Cu–Ka1), b is the width of the
peak at half maximum intensity (in radians) and h is the
diffracted angle at maximum intensity (in radians). The crystal-
lite sizes calculated from the Scherrer equation generally agree
with that observed by TEM. The crystallite size of the
nanoparticles determined via the Scherrer equation and the
nanoparticle size determined using TEM are summarized in
Table 1.
The synthesized nanoparticles, after treatment with acid, have
zeta potentials of y +25 mV in the alcohol mixture (n-butanol :
isopropanol : ethanol v/v/v = 4 : 2 : 1) used in the EPD process.
The charge present on the TiO2 nanoparticles is pH dependent
and, under acidic conditions, positive charges are induced.31 Due
to the positive charges present on the nanoparticle surface, the
colloidal suspensions are relatively stable during the EPD
process. As EPD utilizes electrostatic attraction for particle
deposition, the positive charge favors their direct utilization in
the EPD process without any further additives or surface
modifications, which are common required for particles lacking
surface charges.32
The films made from EPD followed by a compression process
were mechanically stable and robust. The film, when formed on a
flexible plastic substrate, can be bent easily without mechanically
destroying the film. This is unlike unprocessed EPD films that
need to be handled delicately in order to preserve the mechanical
integrity of the film. To study the difference in film morphology
brought about by compression, the films before and after
compression were viewed by FESEM. Fig. 4A shows clearly that
the unpressed EPD film fabricated from 19 nm TiO2 nanopar-
ticles had visible micropores and the interparticle connectivity
was poor. After compression, however, it can be clearly seen in
Fig. 4B that the interparticle connection has been improved and
less interparticle pores are observed. The FESEM images
indicate that compression treatment can reduce local interpar-
ticle pores and improve interparticle connectivity. In addition,
the film thickness was reduced by the compression process,
indicating that void spaces within the uncompressed film have
been significantly reduced and the nanoparticles within the film
are in closer contact after compression. The films fabricated
using the other nanoparticles showed the same observations as
well. In addition to the FESEM studies, the effect of compres-
sion on the crystal phase of the particles was also studied. XRD
did not show any change in crystal phase and crystallite size in
the pressed samples.
The devices have a sandwiched structure in which the D149
sensitized photoanode and the Pt counter electrode are clipped
together. A 25 mm spacer (Solaronix) was used to prevent the
short circuiting of the cell. A few drops of the electrolyte,
containing 0.5 M tetrabutylammonium iodide, 0.001 M LiClO4,
0.5 M 4-tert-butylpyridine and 0.1 M I2 in 3-methyoxypropioni-
trile, was introduced to complete the cell assembly.
The effect of the TiO2 film thickness on the device
performance was first investigated for the nanoparticles. The
post compression thickness was controlled and set to be y4, y8,
y11 and y15 mm. The changes in the open circuit voltage (Voc),
the short-circuit current density (Jsc), the fill factor (FF) and the
overall efficiency (g) with the TiO2 film thickness are shown in
the ESI (Tables S1–S4{).
The best performing devices fabricated using different TiO2
nanoparticles have different TiO2 thicknesses. For 10 nm and
14 nm nanoparticles, their corresponding devices performed
optimally at a post compression film thickness of y8 mm. For
the larger 19 nm and 27 nm nanoparticles, the optimal film
thickness was y11 mm. The J–V curves of the best performing
devices for each individual set of nanoparticles are shown in
Fig. 5 and the corresponding photovoltaic parameters are shown
in Table 2. For the optimized devices, the Voc of the devices
increased from 0.77 to 0.85 V when the nanoparticle size was
increased from 10 nm to 27 nm. The Jsc of the devices increased
from 10.6 to 14.3 mA cm22 when the nanoparticle size was
increased from 10 nm to 19 nm. When the size of the
nanoparticles was further increased to 27 nm, the Jsc decreased
to 9.2 mA cm22. The FF of the devices was between 0.63 to 0.68.
Fig. 3 XRD spectra of TiO2 nanoparticles. (A) y27 nm, (B) y19 nm,
(C) y14 nm and (D) y10 nm. The peaks of anatase are labelled. No
change was observed after compression at 1 ton cm22.
Fig. 4 FESEM images of (A) as prepared EPD films from 19 nm TiO2
nanoparticles. (B) After compression. The scale bars represents 100 nm.
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The best performing devices fabricated using 10, 14, 19 and
27 nm nanoparticles yielded efficiencies of 5.3%, 5.4%, 7.0% and
5.3%, respectively.
The Voc of a device is determined by a number of factors,
33
namely the Quasi Fermi level of the semiconductor, the HOMO
level of the redox couple (Eredox), the light harvesting and
electron injection of the sensitizer and the frequency of
recombination events within the cell. Since the semiconductor,
sensitizer and electrolyte used in this study are the same for all
devices, the Voc trend cannot be attributed to Eredox and the
identity of the dye. This leaves the recombination rate as the
likely reason for such an observed Voc trend.
To understand the observed trend for the Voc of the devices
made from different nanoparticles, intensity-modulated photo-
voltage spectroscopy (IMVS) was performed. The electron
lifetime (tn) was calculated from the equation tn = 1/(2pfn,min),
where fn,min is the characteristic frequency at the minimum of the
IMVS imaginary component.34 As shown in Fig. 6A, the electron
lifetime increased from 5.7 ms to 10 ms when the nanoparticle size
was increased from 10 nm to 27 nm. As the electron lifetime
calculated from the IMVS results is an indication of the number of
recombination events, the longer electron lifetime for DSSCs with
27 nm nanoparticles as compared to that with 10 nm nanoparticles
indicated that devices fabricated with larger particles undergo less
recombination events.24 The IMVS results indicate that electron
recombination has been reduced when larger nanoparticles are
used and this contributes to a higher Voc for the corresponding
devices.
To check the contribution of dye loading on Jsc for each
device, the desorbed dye solutions were measured with UV
absorption spectroscopy and the results are summarized in
Table 2. It was found that the nanoparticle size influences the
dye loading significantly in our devices. For the thickness-
optimized devices, the dye loading decreases from 2.5 to 0.9 6
1027 M cm22 when the nanoparticle size is increased from 10 nm
to 27 nm. Though the dye loading is related to the device’s ability
to absorb incident light, the Jsc trend of the devices differs from
the dye loading trend. This indicates that the dye loading of the
devices is not the sole determinant of the Jsc and the overall
device conversion efficiency.
In addition to the dye loading, the electron transport within
the TiO2 network could also play a part in determining the Jsc of
the devices. To understand the electron transport within the
photoanode fabricated from the differently sized TiO2 nanopar-
ticles at their optimal thicknesses, intensity modulated photo-
current spectroscopy (IMPS) was performed on the devices
fabricated using the synthesized nanoparticles. The electron
transport time (td) was calculated from the equation td = 1/
(2pfd,min), where fd,min is the characteristic frequency at the
minimum of the IMPS imaginary component.34 As shown in
Fig. 6B, the electron transport time decreases from 3.2 to 1.2 ms
when the nanoparticle size is increased from 10 nm to 27 nm. The
electron transport time is a measure of the average time taken for
the collection of injected electrons and a faster electron time is
associated with a higher photocurrent as it indicates that
electrons hop across the TiO2 network and are collected at the
photoanode at a faster rate.35
From the calculated td and tn, the charge collection efficiency
can be calculated using the equation: gc = 1 2 td/tn.
36 The
calculated values of gc are shown in Fig. 6C. The charge
collection efficiency of the devices increased from 0.46 to 0.88
when the TiO2 nanoparticle size is increased from 10 to 27 nm.
The improvement of the charge collection efficiency with the
nanoparticle size can be explained using the electron trapping/
detrapping model.37–39 Larger nanoparticles have both a lower
surface area and a smaller number of grain boundaries, which
lead to less electron trapping and is beneficial for a high Jsc and
Voc.
35–37 Although the charge collection efficiency data predicts
that the 27 nm TiO2-based devices should have the highest
photocurrent, this is not the case for the Jsc in these devices and
this indicates that the charge collection efficiency alone is not
indicative of the overall device performance.
Fig. 5 J–V curves for the best performing DSSCs fabricated on rigid
glass substrates by the EPD technique with compression post treatment.
Table 2 Zeta potential of particles in the EPD process, photovoltaic properties and dye loading of D149-sensitized solar cells made from various sized
nanoparticles on rigid glass substrates
Particle size (nm) Film thickness (mm) Zeta potential a (mV)
Photovoltaic properties b
Dye loading c (61027 mol cm22)Voc (V) Jsc (mA cm
22) FF ECE (%)
10 8 26.1 0.77 10.6 0.64 4.8 2.5
14 8 24.7 0.79 10.7 0.63 5.4 1.4
19 11 24.0 0.79 14.3 0.65 7.0 1.3
27 11 24.9 0.85 9.2 0.68 5.3 0.9
a Measured in a mixture of ethanol, isopropanol and butanol (v/v/v = 1 : 2 : 4) b Measured under AM 1.5G (100 mWcm22) c UV absorbance is
measured in 0.1 M of aqueous NH3 in DMSO
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From the above studies, it is clear that the device performance
is dependent on the optimization of the charge collection
efficiency and the dye loading. Small nanoparticles have a
higher dye loading for a fixed film thickness and, hence, thinner
films can be used for devices fabricated with 10 and 14 nm TiO2.
However, devices fabricated with small nanoparticles exhibit
poor charge transport properties and this results in a poor Jsc.
An increasing particle size decreases the dye loading and
increases the film thickness required for optimal performance.
However, devices fabricated with larger particles show improved
charge collection efficiencies. Since the films used in this study
are not sintered, the thickness for which a crack-free film can be
fabricated is limited and the requirement for thick crack-free
films cannot be fulfilled when the large 27 nm nanoparticles are
used. In our results, a moderate nanoparticle size of 19 nm shows
the best efficiency. This is ascribed to the 19 nm-based devices’
relatively high dye loading, as well as the good charge collection
efficiency.
For comparison purposes, a device was fabricated with
commercially available Degussa P25 TiO2 nanoparticles. Using
the same fabrication method, P25 was deposited via EPD and
used as a photoanode in DSSCs. The change in the photovolatic
parameters with the film thickness is shown in Table S5{ in the ESI.
The optimal post compression thickness is found to be y 11 mm.
FESEM images of the film before and after compression are shown
in Fig. S1{ in the ESI.
Flexible DSSCs were fabricated with 19 nm and P25
nanoparticles. The post compression thickness of the TiO2 films
was controlled and set to be y 11 mm, which is the optimal
thickness for both 19 nm and P25 devices. DSSCs with 19 nm
nanoparticles as the photoanode have a Voc of 0.80 V, a Jsc of
10.3 mAcm22, a FF of 0.62 and an overall efficiency (g) of 5.2%.
P25-based devices have a Voc of 0.79 V, a Jsc of 9.32 mAcm
22, a
FF of 0.60 and an overall efficiency (g) of 4.5%. When compared
to the devices on rigid glass substrates, the efficiency is lower.
This is mainly due to the drop in the photocurrent and FF, which
is caused by the lower light transmittance and higher electrical
resistance in the plastic substrate when compared to glass
substrates.40,41
To compensate for the loss of light transmission, large
submicron TiO2 particles (y200 nm–300 nm) were subsequently
synthesized41 and utilized as a scattering layer to offset the light
loss caused by the plastic substrate. Based on an identical
deposition method, a 2 mm scattering layer was deposited on top
of the nano-sized TiO2 particles. The J–V curves of these devices
are shown in Fig. 7. As such, the efficiency of the devices is
significantly improved. The 19 nm nanoparticle-based devices with
the scattering layer have a Voc of 0.80 V, a Jsc of 13.8 mAcm
22, a
FF of 0.54 and an overall efficiency (g) of 6.0%. The P25-based
device with the scattering layer has a Voc of 0.78 V, a Jsc of
11.5 mAcm22, a FF of 0.56 and an overall efficiency (g) of 5.2%.
The light scattering effect of the large submicron sized nanopar-
ticles is well known to increase the light harvesting and hence the
Fig. 6 (A) Electron lifetime, (B) electron transport time and (C) charge
collection efficiency for thickness-optimized DSSCs fabricated with
different sizes of TiO2 nanoparticles.
Fig. 7 J–V curves for flexible DSSCs fabricated on plastic substrates.
19 nm particles or P25 were used as the mesoporous layer and large
particles (y200–300 nm) were used as light scattering layers. The inset
shows a typical TiO2 film, formed by EPD and compression on ITO–
PEN, sensitized with the D149 dye.
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Jsc of the devices.
41,42 This leads to an overall increase in the device
efficiency as compared to the devices without the scattering layer.
As with the devices on the rigid substrates, the performance of the
19 nm nanoparticle-based devices is superior to that of P25. Upon
optimizing the particle size for DSSCs fabricated via EPD, the use
of a blocking layer to limit recombination,43,44 UV–O3 treatment to
reduce the organic contaminants and an anti-reflection film11 for
higher light utilization is expected to further improve the device
efficiency.
Conclusions
In this study, TiO2 nanoparticles of sizes 10 nm to 27 nm have
been synthesized and used to fabricate DSSCs via the EPD
technique. This study has shown that, for low temperature
DSSCs fabricated by EPD, the nanoparticle size plays a
significant role in determining the device performance. In our
devices, the nanoparticle size mainly influences the Jsc of the
devices, while the Voc and FF are only mildly affected. IMPS and
IMVS studies indicate that the charge collection efficiency
increases with the nanoparticle size. At the same time, the dye
loading of the devices decreases with the nanoparticle size. Due
to a combination of good charge transport properties and
relatively high dye loading, 19 nm TiO2 nanoparticle-based
devices gave the best device efficiency. Under optimized
conditions, we achieved an efficiency of 6.0% on plastic
substrates using 19 nm TiO2 nanoparticles with a scattering
layer. This is an improvement over the benchmark device made
with P25, which achieves an efficiency of 5.2%. These results
demonstrate that optimization of the TiO2 nanoparticle size for
devices fabricated using the EPD technique is an alternative
method to achieve highly efficient plastic dye-sensitized solar
cells.
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